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Abstract

Microphysical and optical properties of the main aerosol species on a peri-urban site have been
investigated during the ESCOMPTE experiment. Ammonium sulfate (AS), nitrate (N), black carbon
(BC), particulate organic matter (POM), sea salt (SS) and mineral aerosol (D) size distributions have
been used, associated with their refractive index, to compute, from the Mie theory, the key radiative
aerosol properties as the extinction coefficient Ky, the mass extinction efficiencies gy, the single
scattering albedo @, and the asymmetry parameter g at the wavelength of 550 nm. Optical
computations show that 90% of the light extinction is due to anthropogenic aerosol and only 10% is
due to natural aerosol (SS and D). 44 + 6% of the extinction is due to (AS) and 40 + 6% to
carbonaceous particles (20 4% to BC and 21 +4% to POM). Nitrate aerosol has a weak
contribution of 5 & 2%. Computations of the mass extinction efficiencies .y, single scattering
albedo wg and asymmetry parameter g indicate that the optical properties of the anthropogenic
aerosol are often quite different from those yet published and generally used in global models. For
example, the (AS) mean specific mass extinction presents a large difference with the value classically
adopted at low relative humidity (2 <60%) (2.6 + 0.5 instead of 6 m® g~ ' at 550 nm). The optical
properties of the total aerosol layer, including all the aerosol species, indicate a mean observed
single-scattering albedo wy=0.85 + 0.05, leading to an important absorption of the solar radiation
and an asymmetry parameter g=0.59 + 0.05 which are in a reasonably good agreements with the
AERONET retrieval of o (=0.86 = 0.05) and g (=0.64 £ 0.05) at this wavelength.
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1. Introduction

It is now clearly recognized that anthropogenic aerosol particles modify the climate
through three well-known processes. Directly, by scattering the solar radiation back to
space leading to a cooling effect, and (or) by absorbing the solar radiation leading to a
heating effect (Haywood and Shine, 1997). Indirectly, by changing the clouds properties
(Rosenfeld, 2000) when aerosol particles act as cloud condensation nuclei. Semi-directly,
by favouring the evaporation of clouds when high concentration of absorbing aerosol as
black carbon are present in the atmosphere (Ackerman et al., 2000).

However, while the radiative forcing due to greenhouse gases may be determined to a
reasonably high degree of accuracy, the uncertainties relating to aerosol radiative forcings
remain large (IPCC, 2001). This is due not only to the heterogeneous spatial and temporal
distribution of tropospheric aerosol particles, their different origins (natural and anthro-
pogenic), their physical and chemical behaviour in the free troposphere, but also to the
lack of database related to optical and microphysical properties of the aerosol particles.

An improvement on the level of confidence on the aerosol radiative effect requires a
full range of observations, including chemical (such as composition), physical (such as
number and mass size distribution) and optical measurements of aerosol. These character-
istics may be deduced from experiments in selected regions as the previous experiment,
ACEl (Bates et al.,, 1998), for clean aerosol in the minimally polluted Southern
Hemisphere marine atmosphere or ACE2, TARFOX and INDOEX (Raes et al., 2000;
Hartley et al., 2000; Ramanathan et al., 2001) for anthropogenic aerosol transported by
wind from the European continent, the United States eastern seaboard and the Indian
continent, respectively.

Among all the numerous sources of anthropogenic aerosol particles, the pollutant
particles emitted in large urban areas are now clearly recognized as one of the most
important and cities emerge as an important research topic in atmospheric chemistry and
effect on climate. Indeed, pollutants emitted in the industrialised regions, mainly consist-
ing of sulfate, nitrate, black carbon and particulate organic matter modify the albedo of the
surface—atmosphere system, leading to a modification of the local or regional climate
when pollutants are transported out of the source regions into surrounding areas. For
example, a recent study realized by Raga et al. (2001) indicates that the presence of a
pollution aerosol layer over a city reduces irradiation at the surface by 18% and increases
the temperature into the boundary layer. Local experimental studies focused on the
microphysical, chemical and optical aerosol properties are clearly required to better
characterize the urban particles. These in situ observations should be also used as input
in mesoscale models including urban source or in global models which the resolution is
improving rapidly over time, and should be permitted to take into account urban emission,
and estimate their climatic influence in the future.

In the frame of this problematic, the ESCOMPTE experiment (Cros et al., submitted
for publication) allowed us to study the microphysical and optical properties of the main
aerosol species: ammonium sulfate (AS), nitrate (N), black carbon (BC), particulate
organic matter (POM), sea salt (SS) and mineral aerosol (D). Their size distributions
measured in situ, associated with their refractive index, have been used to compute their
optical properties from the Mie theory. We focused our computations on the key aerosol
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optical properties generally used in radiative simulations, including the extinction
coefficient Koy (km™ "), the single scattering albedo o, which represents the ratio of
light scattering to scattering +absorption and determines the sign (cooling/heating,
depending of the earth albedo) of the aerosol radiative forcing, the asymmetry parameter
g, which represents the fraction of radiation scattered by aerosol and the extinction per
unit mass of aerosol ggy (m> g 1, which represents the extinction of aerosol per unit
mass.

2. Experimental campaign and instrumentation

Between the 4th of June and the 13th of July 2001, the co-operative experiment
ESCOMPTE (field experiments to constrain models of atmospheric pollution and transport
of emissions) took place in the South of France, in the Marseille area (Cros et al,
submitted for publication). Among the numerous objectives of this experiment, one
concerned the physico-chemical characterisation of aerosol particles in urban and peri-
urban zones. The results presented here are based upon a data set measured in the peri-
urban zone of Marseille (““Vallon Dol” Site, Fig. 1), mainly polluted by the traffic during 3
IOP corresponding to meteorological conditions favourable to pollution event.

|PROVENCE-ALPES-COTE-D'AZUR

Fig. 1. The Vallon d’Ol Site in peri-urban zone of Marseille.
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Size-segregated aerosol was collected at ambient relative humidity using a low-pressure
6-stage Berner impactor (LPI 80/0.05) loaded with pre-fired aluminum foils. The 50%
aerodynamic cut-off diameters were 0.06, 0.125, 0.25, 0.5, 1, 2, 4 and 8 pm. According to
Stern (1977), the impactor aerodynamic diameters d,. were converted to geometric
diameters, dp, for each bin size and each chemical species. The sampling duration was
about 8 h (1000 to 1800 h). Negative artifacts in impactors due to the volatilization of
semi-volatile compounds at low pressure and to losses on impactor walls are generally
<4% (Hering et al., 1997).

The mass of carbon collected on the aluminum foils was determined using a thermal
method (Evolved Gas Analysis, EGA), where samples are exposed successively to five
increasing temperature plateaus up to 650 °C in an oxygen-free carrier gas, and then in an
oxygen-rich carrier gas at 650—750 °C (Putaud et al., 2000). The carbon evolved at
T<650 °C in He is defined as OC but contains also carbonate, and the fraction evolved at
T>650 °C in the oxidizing carrier gas is expected to be black carbon (BC). However, due
to possible charring during the analysis, the BC values obtained with this routine method
can be highly overestimated. Therefore, each sample was divided into two half foils, one
of which was exposed at 340 °C for 2 h in an oxidizing carrier gas (He/O, 80:20). This
thermal treatment was shown to remove most of the OC susceptible to be charred (Cachier
et al., 1989). The carbon fraction evolved from the treated aliquot at 7>650 °C was
defined as BC. The detector was calibrated twice a day by injecting known amounts of
pure CO, and the instrument overall response checked daily using a sodium oxalate
standard. The analytical precision is + 8%, based on repeated measurements of the same
sample. International intercomparison exercises showed that the overall uncertainties of
TC (TC=0C+BC) and BC determinations are <10%, and ca. 40% for TC and BC,
respectively.

In the following calculation, instead of (OC), we will consider the particulate organic
matter (POM) which includes in addition to carbon, hydrogen atoms, and minor amounts
of other species. The mass of Particulate Organic Matter is computed from the mass of
Organic Carbon as follows (Liousse et al., 1996):

POM = 1.3 x OC (1)

Na', NHi, K, Mg?*, Ca®>”, CI, NO5, SO ~ concentrations were measured by ion
chromatography (IC). The precision of the measurements is & 10% (Putaud et al., 2000).

They were used to calculate the total mass concentrations (noted M;) of the main
aerosol species but also the mass on each impactor stage allowing to estimate the mass size
distributions of each component. Non-sea-salt Sulfate fraction (e.g., nssSO3F ~) was
derived using Na" as a sea salt tracer and a standard sea salt composition. Ammonium
sulfate (AS) concentration was computed using the nssSO3 ~ fraction associated with the
ammonium NH;. Nitrate (N) was deduced from the NO3 concentrations. Sea salt (SS)
concentrations were calculated from the Na' concentrations, the ratio of K, Mg2 *
Ca’ "and SO3 _ over Na' in standard seawater and the measured Cl~ concentrations to
account for possible Cl™ depletion. Dust concentrations were estimated from the amount
of non-sea salt Ca® " measured in each impactor stage and the regression between non-sea
salt Ca®" and ash (considered as mineral dust) determined from co-located and simulta-
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neous sampling on Whatman 41 ashless filters. The uncertainty in the slope of the
regression between ash, measured in water extracted filters, and nssCa’" (mineral
dust=5.7 x nssCa” ") was =+ 1.7 (95% confidence level).

All these analyses are made on each impactor stage, allowing us to obtain for the first
time the mass size distribution of each component, and for the second time, the total mass
concentration of each component (noted A/;) by summing the concentrations of each stage.

We used also a CE 318 automatic sun tracking photometer (manufactured by CIMEL
Electronique, Paris). This instrument performed sky radiance and direct solar irradiance
measurements over Marseille for the 440, 670, 870 and 1020 nm wavelenghts. The
Angstrom coefficient (Angstrom, 1964), t440/670, 1S Obtained from the optical thicknesses
deduced from the channels at 440 and 670 nm. The Dubovik and King (2000) inversion
algorithm allowed to retrieve the single scattering albedo (wg), and the asymmetry
parameter (g) for the whole atmospheric column. Photometer measurements obtained
between June 24 and July 04 are used in this study.

3. Method

The mass distribution deduced from concentrations measured on each impactor stage
was fitted with a lognormal function from which the mass mode radius (7g,,) and the
standard deviation (o) were retrieved. In order to use the theory of Mie (1908), the
particles were assumed to be spherical and the “mass™ (rg,, o) parameters were
transformed into “number” parameters (rg,, o, N), for each component (i) according to
Seinfeld and Pandis (1998) relations:

logry , = logrg m — 3(logo)21n10 2)

Ny =" 3M,/4nr}p, (3)

In relation (2), which is useful both for dry and wet states, the geometric standard
deviation, ¢, remains the same for the two distributions. In relation (3), M; and p; are the
mass and the particulate density of the component (i) and 7; an equivalent radius defined

by:
_13 = ”;‘3 (z X ln20[> 4)

It should be noted that the accumulation and the coarse mode of a mass size distribution
correspond, after transformation, to the fine and the accumulation mode, respectively, of a
classical number size distribution (Whitby, 1978).

Finally, to compute the complex refractive index for each component at the ambient
relative humidity (%), ny,, we used the Hénel (1976) relations for an external mixture state
at one wavelength A:

~

7 -3
m(2) =m0 (4) + (no(4) = m0(4)) (g—(h)> (5)

Tg.n(0)
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Table 1

Relative humidity during ESCOMPTE

Date h (%)
23/06 37.50
24/06 61.40
25/06 61.00
26/06 45.00
02/07 45.00
03/07 55.00
04/07 50.00
10/07 71.50
11/07 42.00

where np,0 is the water refractive index and o, ny, are, respectively, the refractive index of
the aerosol species studied in dry state and at ambient relative humidity. The number
geometric radius in dry state ry,) and at ambient humidity ry ), are linked by the
relation (Hénel, 1976):

Fen(0) = Tenin) (1 — 1) (6)

where 7 is the relative humidity. During ESCOMPTE, /% varied between 37.5% and 71.5%
(Table 1). The coefficient e depends on the considered type of aerosol. It is equal to 0.25
for POM (Chazette and Liousse, 2001) and 0.285 for AS, N and SS (Hénel, 1976). We
assumed (BC) and (D) to be non-hygroscopic (thus e=0). Once we got the microphysical
properties (¥g ), 0, N, ny(2)) for one component, we computed its optical properties
(Kexi(4), wo(2), g(A) and g.,(A)) at 550 nm, using the Mie theory (1908).

4. Results
4.1. Microphysical and optical properties of each aerosol specie

The different parameters presented above are computed for each aerosol specie and
grouped together in Tables 2 and 3.

4.1.1. Ammonium sulfate (AS)

The (AS) mass size distributions measured during IOPs are presented in Fig. 2. They are
unimodal with a mode diameter and a standard deviation between 0.2—0.4 and 1.74 um,
respectively. The corresponding number geometrical radius rg,,s(h), at ambient humidity, is
equal to 0.05 £ 0.01 um (Table 2) with an associated standard deviation ¢=1.74 £ 0.07.
This leads to rg,f(o) value equal to 0.040 £ 0.005 um in dry state. (AS) is also mainly found
on the fine mode by Zhuang et al. (1999) in a recent study in polluted urban zone.

On the basis of the water-soluble aerosol model (WCP, 1984), the complex refractive
index used is 1.53—6.10" i at 550 nm, in dry state. The extinction coefficient vary from
0.015 to 0.043 km™ ' and represents 44 + 6% of the total light extinction at 550 nm.
Hence, (AS) represents the major contributor to light extinction (Fig. 8) as it was found in
different studies (Ramanathan et al., 2001; Hegg et al., 1997).
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Fig. 2. Ammonium sulfate (AS) mass size distributions in wet state measured during IOPs.

The single scattering albedo has a mean value wy>=0.97 + 0.04 in wet state (h=52%)
and 0.95 £0.04 in dry state, indicating the main scattering effect of (AS). The mean
asymmetry factor g% is equal to 0.58 + 0.04 in wet state and 0.52 + 0.04 in dry state. This
last value is smaller than those generally used in recent radiative forcing simulations of
(AS) at global scale. For example, Khiel et al. (2000) and Grant et al. (1999) reported,
respectively, g equal to 0.66 and 0.65 in dry state. This is probably due to the differences
of the lognormal size distribution parameters classically used in dry state to simulate the

direct radiative forcing at global scale.



Table 2

Aerosol microphysical properties (g, (o), ¥gn(m» 0> N) of the number size distribution

Aerosol  Mode 23/06 24/06 25/06 26/06 02/07 03/07 04/07 10/07 11/07 Mean

BC Fine Tgn 0.017 0.046 0.025 0.019 0.039 0.031 0.037 0.020 0.027  0.028 £0.010
a 2.07 1.71 1.97 2.03 1.77 1.85 1.82 2.15 1.95 1.94+0.14
N 3632 675 2731 5170 2156 918 470 2171 954 -

POM Fine T'gn(0) 0.026 0.036 0.016 0.023 0.015 0.024 0.025 0.042 0.037  0.027 £0.010
T'gn(h) 0.029 0.046 0.023 0.027 0.018 0.029 0.031 0.057 0.044  0.034 £0.010
a 1.76 1.77 2.06 1.98 2.17 1.85 1.82 1.78 1.65 1.86 £ 0.16
N 6012 1970 8524 7256 8330 5737 4003 710 2003 -

Accumulation 7,0, 0.310 0.223 0.192 0.404 0.437 0.197 0.145 0.305 0.408  0.291 £0.100

Tgn(h) 0.330 0.282 0.275 0.473 0.534 0.241 0.177 0.410 0.484  0.364+0.120
a 1.90 1.98 2.18 1.84 1.66 2.17 2.20 1.87 1.76 1.95+0.19
N 0.933 1.29 1.31 0.69 0.612 1.439 2.34 0.87 0.66 -

AS Fine T'gn(0) 0.034 0.046 0.037 0.034 0.039 0.045 0.048 0.044 0.047  0.040 £ 0.005
Tgn(h) 0.039 0.060 0.048 0.041 0.046 0.056 0.058 0.063 0.055  0.050 £0.010
o 1.76 1.65 1.78 1.84 1.69 1.63 1.66 1.68 1.78 1.74 £ 0.07
N 4700 3926 3688 4960 4600 2981 2344 3608 1182 -

N Accumulation 7,0 0.520 0.508 0.502 0.526 0.518 0.481 0.505 0.463 0.530  0.505 +0.020
T'gn(h) 0.595 0.664 0.657 0.624 0.614 0.604 0.616 0.659 0.619  0.628 +0.030
o 1.62 1.60 1.61 1.64 1.66 1.68 1.57 1.62 1.51 1.61 +0.05
N 0.4 0.68 0.29 0.32 0.31 0.24 0.34 0.48 0.19 -

SS Accumulation 7,0 0.451 0.340 0.316 0.355 0314 0.398 0.343 0.285 0.409  0.350 £ 0.050
T'gn(h) 0.515 0.440 0.413 0.421 0.372 0.500 0.418 0.405 0.478  0.440 £0.030
a 1.69 1.77 1.74 1.78 1.83 1.72 1.75 1.81 1.73 1.75 £ 0.04
N 0.34 0.81 0.27 0.45 0.41 0.12 0.42 0.67 0.71 -

Dust Fine Tgn 0.044 0.044 0.011 0.018 0.017 0.030 0.079 0.044 - 0.036 = 0.010
a 227 1.57 2.40 2.18 2.15 2.00 1.56 1.67 - 1.97 £0.30
N 180 236 4730 1871 1544 426 225 420 514 -

Accumulation 7, 0.554 0.596 0.163 0.365 0.376 0.319 0.264 0.363 - 0.360 = 0.130

o 1.73 1.68 2.37 1.95 1.94 2.06 2.03 1.92 - 1.98 +0.21
N 0.153 0.17 6.11 1.89 0.94 2.38 1.436 1.76 0.57 -

08
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The mean mass extinction efficiency value for the ammonium sulfate (AS) is 2.6 + 0.5
m? g~ ' in wet state (h=52%). Various magnitude of the (AS) mass extinction efficiency
have been suggested, but most values at low relative humidity (2 <60%) fall in the range
3.6—7.5 m”> g~ ' (Charlson et al., 1999). Hence, the fact that sulfate are smaller in our
study leads to smaller extinction efficiencies. Our value is then more than twice smaller
than the classical value of 6.00 m? g " in wet state (h=50%) adopted in recent studies
(Myhre et al., 1998; Takemura et al., submitted for publication) to simulate the (AS) direct
radiative impact at global scale.

4.1.2. Nitrates (N)

While sulfate and ammonium are mainly found in the fine mode, nitrate can be found
both in the coarse and in the fine mode (Zhuang et al., 1999). Indeed, coarse nitrate of the
mass size distribution has often been observed in coastal areas such as in Finland
(Pakkanen, 1996), US (Savoie and Prospero, 1982) or Mediterranean zone (Sellegri et
al., 2001).

The (N) mass size distributions obtained during IOPs are reported in Fig. 3. They are
unimodal with a coarse mode diameter around 1-2 pm. The (N) mass size distributions
indicate clearly that nitrates are mainly found on coarse mode in peri-urban coastal zone
during ESCOMPTE.

The corresponding number geometrical radius rg,,(h) is in the accumulation mode and
ranges from 0.595 to 0.659 pm with a mean value equal to 0.628 £ 0.030 pm (Table 2) in
wet state and 7,0, =0.505 + 0.020 pum in dry state. The associated standard deviation is
g=1.61 % 0.05.

Although IPCC (2001) identified nitrate aerosol as a significant anthropogenic source
of aerosol, very few data concerning its optical properties are available. Our in situ
measurements and the use of the complex refractive index of the water-soluble aerosol
model (WCP, 1984), allowed us to compute the (N) optical parameters (Table 3). The
mean extinction coefficient is equal to 0.002 + 0.001 km™~ ', corresponding to 5 + 2% of
the total extinction (Fig. 8). This indicates the weak contribution of nitrate to the light
extinction, mainly due to the presence of (N) on the accumulation mode of the number size
distribution in this case, less optically active than the fine mode.

The single scattering albedo has a mean value wf =0.93 + 0.04 in wet state and 0.89 in
dry state indicating a none negligible absorption of nitrate acrosol when they are present
on the accumulation mode. The mean value of the asymmetry parameter is 0.74 £ 0.04 in
wet state and 0.70 + 0.04 in dry state. This mean value is greater than the computed g™°
(0.52), due to the more important forward diffusion of the accumulation mode compared to
the fine.

The mass extinction efficiency is equal to 1.24 +0.10 m* g~ ' in wet state indicating
that the presence of nitrate on the accumulation mode (associated generally with sea salt)
reduces its extinction efficiency because accumulation mode is less efficient, per unit
mass, at extinction light.

4.1.3. Black carbon (BC)
Fig. 4 presents the nine (BC) mass size distributions. (BC) particle number size
distributions are unimodal with a mean value of the geometrical radius r;f equal to
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Fig. 3. Nitrate (N) mass size distributions in wet state measured during IOPs.

0.028 £ 0.010 pm (Table 2), and an associated standard deviation ¢=1.94 + 0.14. This
r;,? is twice larger than that (0.0118 pm) proposed by WCP (1984) and used in numerous
simulations of its direct radiative impact at global scale, but is comparable with more recent
measurements (Berner et al., 1996; Clarke et al., 1997; Hitzenberg and Tohno, 2001),
which reported (r;',,C /) equal to (0.03 pm/1.7; 0.03 pm/2; 0.035 um/1.54), respectively.
To calculate the (BC) optical parameters, we used the refractive intermediate value
recently proposed by Marley et al. (2001): m®“=1.87—0.569i at 550 nm. Optical
computations indicate a mean BC extinction coefficient equal to 0.012 + 0.004 km ™'
leading to a mean contribution of 20 £ 4% (Fig. 8) of the total light extinction. This



Table 3

Aerosol optical properties [Key (km™ '), g, @o] at 550 nm in wet state

Aerosol Mode 23/06 24/06 25/06 26/06 02/07 03/07 04/07 10/07 11/07 Mean
BC Fine Kext 0.010 0.015 0.018 0.017 0.010 0.008 0.006 0.012 0.007 0.012 + 0.004
g 0.42 0.46 0.44 0.42 0.35 0.43 0.45 0.48 0.45 0.43 +0.04
o 0.31 0.37 0.34 0.31 0.29 0.34 0.36 0.35 0.35 0.33£0.03
POM Fine Kext 0.005 0.011 0.012 0.017 0.009 0.008 0.006 0.010 0.006 0.009 + 0.004
g 0.46 0.59 0.58 0.58 0.59 0.52 0.52 0.65 0.49 0.59 +0.06
o 0.96 0.98 0.98 0.97 0.97 0.97 0.97 0.98 0.97 0.98 +£0.01
Accumulation Kext 0.002 0.002 0.003 0.003 0.002 0.002 0.002 0.003 0.001 0.002 £ 0.001
g 0.74 0.74 0.75 0.74 0.72 0.74 0.73 0.75 0.73 0.74 £ 0.01
o 0.95 0.96 0.95 0.93 0.94 0.94 0.95 0.96 0.93 0.94+0.01
AS Fine Kext 0.015 0.038 0.027 0.028 0.021 0.019 0.023 0.043 0.019 0.026 + 0.010
g 0.54 0.59 0.61 0.60 0.54 0.55 0.59 0.62 0.63 0.58 £ 0.03
o 0.96 0.98 0.98 0.97 0.97 0.97 0.97 0.98 0.97 0.97 £ 0.01
N Accumulation Kext 0.001 0.004 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.002 £ 0.001
g 0.73 0.75 0.75 0.74 0.74 0.75 0.73 0.75 0.72 0.74 £ 0.01
o 0.91 0.94 0.94 0.92 0.92 0.92 0.93 0.95 0.92 0.93 +0.01
SS Accumulation Kext 0.001 0.002 0.0001 0.001 0.001 0.0004 0.001 0.002 0.002 0.0010 + 0.0007
g 0.72 0.74 0.74 0.73 0.73 0.73 0.73 0.75 0.72 0.73 £0.01
o 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 +0.01
Dust Fine Kext 0.0004 0.0005 0.0032 0.0032 0.0017 0.0021 0.00025 0.0018 0.0016 0.0016 £ 0.0011
g 0.56 0.56 0.58 0.56 0.56 0.59 0.56 0.50 0.59 0.56 +0.03
o 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 £+ 0.01
Accumulation Kext 0.0006 0.0008 0.0059 0.0049 0.0026 0.0055 0.0022 0.0044 0.0013 0.003 = 0.002
g 0.73 0.73 0.71 0.70 0.72 0.72 0.71 0.72 0.72 0.72£0.01
o 0.88 0.88 0.90 0.89 0.89 0.89 0.91 0.90 0.90 0.89 +0.01
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Fig. 4. Black carbon (BC) mass size distributions in wet state measured during IOPs.

illustrates clearly the importance of this aerosol specie which is the second contributor to
the light extinction in peri-urban zone. This contribution to extinction is more important
than those reported during INDOEX (11%) (Ramanathan et al., 2001) or TARFOX (7%)
(Hegg et al., 1997), maybe due to the site of measurements during ESCOMPTE, which
was more close to the source of pollution than those used during INDOEX (island of
Kaashidhoo, in the Republic of the Maldives, about 500 to 1000 km downwind of major
cities in the Indian sub-continent) or TARFOX (North Atlantic off the Eastern coast of the
United States).
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The single scattering albedo at 550 nm has a mean value w§< =0.33 + 0.03 (Table 3),
which is larger than that generally (0.25) used in radiative simulations (Myhre et al., 1998)
at global scale and results for the asymmetry factor show a mean value of
g°©=0.43 £ 0.04 which is higher than those (0.33) computed by D’Almeida et al.
(1991) indicating a larger scattering of the solar energy in the forward direction.

Finally, the values of the mass specific extinction o5, vary from 8.00 to 9.65 m? g
with a mean value around 8.52 + 0.48 m? g~ '. This value fairly agrees with the value of
10 m* g~ ! generally adopted in many studies in spite of the wide range of observed
values: 5-20 m? gfl (Liousse et al., 1993; Martins et al., 1998).

1

4.1.4. Particulate organic matter (POM)

The (POM) mass size distributions measured during IOPs present a bimodal structure
with D, around 0.22 and 3.45 um (Fig. 5). Concerning the (POM) accumulation mode
(indexed by a), the averaged r; ,,O(%’a is 0.364 £ 0.120 pm, with a geometric standard
deviation equal to 1.95 + 0.19. The corresponding rg ,,O(%’f for the fine mode (indexed
by f) presents a mean value of 0.034 £ 0.010 pm and a geometric standard deviation
around 1.86 + 0.16 (Table 3) strikingly different from those reported during the Hardiman
fire experiment (r; ,,O(%’f=0.08 um/g =1.7) . The radius found from our measurements is
almost three times smaller, whereas ¢ is larger. One main reason for this discrepancy
might reside in the combustion temperature which is lower for biomass burning,
especially in the smoldering step, which produces the biggest particles. Another reason
might be the situation of our site where intense production of organic OC took place
during IOPs.

Using the complex refractive index m"*™=1.55-0.005i at 550 nm proposed by Von
Hoyningen-Huene et al. (1998), the optical parameters for (POM) have been computed for
the two submicron modes, and then for the total POM size distribution. The fine mode,
KPOME =0.009 + 0.004 km~ !, contributes for 16 + 3% to the light extinction while the

ext

accumulation mode (KLo™* =0.002 + 0.001 km™ ') contributes only for 4 + 1%. This
leads to a global contribution of 20 + 4% (Fig. 8) which indicates clearly the important
role of POM in the extinction process as shown recently by Hegg et al. (1997) or Novakov
et al. (2000).

The computations also show that the (POM) single scattering albedo is almost constant
whatever the mode, 0.98 + 0.01 and 0.94 + 0.01 for the fine and accumulation modes,
respectively (Table 3). These values clearly indicate that the particulate organic matter
mainly scatters solar radiation. On the other hand, o. and g are different for the two
modes. Average values show different behaviour of the two modes as GPOMI = | ggPOM-a
while g"°Mf=0.8¢"" Fine mode particles are more efficient for extinction, whereas
those of the accumulation mode mainly scatter light in the forward direction.

Concerning the total POM fraction, the mean single scattering albedo value is
0™ =0.97 + 0.03. The mean ooq" equal to 2.08 + 0.3 m* g~ ' and differs largely
from the values computed from the biomass burning experiments (6.00 m* g~ ') reported
by Penner et al. (1999).

Few data on the (POM) microphysical and optical properties are available at present
time in the literature and in absence of any good data for describing the size distributions

of (POM) from fossil fuel or urban emissions, the size distribution reported by Radke et al.
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Fig. 5. Particulate organic matter (POM) mass size distributions in wet state measured during IOPs.

(1998) measured during Hardiman Fire experiment is used in radiative simulations to
compute the (POM) radiative forcing at global scale (Penner et al., 1998). Although
measured at local scale and for special meteorological conditions, ours measurements
provide interesting (POM) microphysical and optical properties, produced in large urban
areas.

4.1.5. Natural (dust +sea salt) aerosol

Although our study is focusing on the anthropogenic aerosol, we studied the

microphysical and optical properties of natural aerosol, including sea salt and dust.
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The (D) mass size distributions are reported in Fig. 6. The mass geometrical diameter
presents a bimodal structure with D, around 0.1-0.2 and 2-3 um, respectively. The
corresponding mean fine radius number is rf;,f:0.036 +0.010 um, and the geometric
standard deviation is around 1.97 = 0.30 (Table 2). Although different, our value is
coherent with the mineral background nucleation mode (IPCC, 2001) (0.05 pum/2.8).
Concerning the accumulation mode, the averaged value gives rg'? »1=0.36 £ 0.13 pm, with
a geometric standard deviation equal to 1.98 + 0.21 (Table 2), values which are in good
agreement with those reported by Hess et al. (1998) (0.39 pm/2.00).
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Fig. 6. Mineral aerosol (D) mass size distributions in wet state measured during IOPs.
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The optical properties are calculated using the complex refractive index value
1.55—i5.00 x 107> used by D’Almeida et al. (1991) in his dust aerosol model. The
mean extinction coefficient (Table 3) of the total size distribution is equal to
0.0047 £ 0.0031 km™ ' and the contribution to the extinction leads to a non-negligible
value of 8 + 4% (Fig. 8).

Concerning the sea salt fraction, the (SS) mass size distributions obtained are reported
in Fig. 7. They are unimodal with a coarse mode diameter around 1-2 pum. The
corresponding number geometrical radius r;,f(h) ranges equal to 0.440 + 0.030 pm (Table
2), and the associated standard deviation is ¢=1.75 £ 0.04.
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Fig. 7. Sea salt (SS) mass size distributions in wet state measured during IOPs.
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Fig. 8. Contribution to the light extinction at 550 nm of each aerosol species.

To compute the optical properties, we used the refractive index used in the oceanic
model by D’Almeida et al. (1991): m55=1.50—2.10" %, in dry state. Results show a
slightly contribution of (SS) to the light extinction in peri-urban zone, with an average
contribution of only 3 + 1% (Fig. 8).

5. Optical properties of the total aerosol layer and comparisons with AERONET
inversions

In order to validate our computations, we compared the optical properties of the total
aerosol population measured in situ, at ground level, with information available from
measurements of the CIMEL photometer. Two hypotheses must first be made. One
concerns the type of mixture of the particles: internal or external. According to previous
study by Covert and Heintzenberg (1984) or more recently by Hasegawa and Ohta (2002),
acrosol particles exhibited a large and predominant degree of external mixture near an
urban source region. Hence, we considered that the particles were, in our situation,
externally mixed. Then the whole population of the aerosol particles is considered as the
sum of the contributions of the different components (see below).

The second hypothesis concerns the representativity of measurements made in situ,
near ground level, with respect to information concerning the total atmospheric column,
furnished by the CIMEL photometer. During the ESCOMPTE experiment, the aerosol
concentrations profiles recorded during the ARAT aircraft flights indicated that aerosol
were mainly confined in the PBL which is close to 1 km, as shown in Fig. 9. The records
of the potential temperature profiles (Fig. 9) showed, for all the days studied, a positive
gradient indicating a PBL stable and well homogenized. Furthermore, the Angstrom
coefficient 0,440,670 is comprised between 1.10 and 1.82 for all the days studied. This
implies that the extinction is mainly due to submicronic anthropogenic aerosol (Liousse et
al., 1995) and shows, at least, that any dust events were found during the ESCOMPTE
experiment. Hence, we assumed that the ground based aerosol optical characterization was
representative of the entire aerosol layer mainly confined in the PBL, and might be
compared with the AERONET retrievals.
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Table 4
Asymmetry parameter for the total aerosol population, in wet state, at 550 nm

Date  23/06 24/06  25/06 26/06  02/07  03/07 04/07 10/07 11/07 Mean
g 0.55 0.60 0.61 0.59 0.57 0.57 0.59 0.63 0.60 0.59 +0.05

5.1. Asymmetry and single scattering albedo parameters

The asymmetry parameter and the single scattering albedo for the total aerosol
population, g' and w(are computed as follows:

ZKdiff,i X g
t_ 7
& ZKdiff,i @)

ZKext,i X @y,
i
—— (8)
Z Kext,i
i

where g;, Kaifr;, Kexts and g, are, respectively, the asymmetry parameter, the scattering
coefficient, the extinction coefficient and the single scattering albedo of each aerosol
species i. The values of g' are reported in Table 4 for each day. The mean value is
0.59 £ 0.05. Few values of g are reported in the literature in urban coastal atmosphere
from in situ measurements. However, it must be noted that our value agrees well with g
computed from data of Chazette and Liousse (2001) on Thessaloniki (coastal city) in
Greece (0.61) (h=45%) or for an old anthropogenic aerosol from the Northeast US coast
and transported to the Western Atlantic (0.58) (Hignett et al., 1999) during TARFOX.
Those two last values were obtained by measuring the size distribution and assessing the
complex refractive index from aerosol chemical analysis. At the Goa coastal city in India
during INDOEX, Leon et al. (2002) reported a value of 0.53, computed from optical
measurements.

Values of wg (see Table 5) indicate a mean value of 0.85 £ 0.05 in wet state. This result
indicates an important absorption of the solar radiation on the Vallon d’Ol site during the
pollution events studied here. Our value is comparable with wq reported in other coastal
urban atmosphere (see Table 6) experiments. Chazette and Liousse (2001) reported (0.82)
(h=45%) and Alfaro et al. (submitted for publication) reported (0.89) for the Goa city
during INDOEX. For pure urban atmosphere (see Table 6), Bergin et al. (2001) reported

r_
Wy =

Table 5
Single scattering albedo for the total aerosol population, in wet state, at 550 nm

Date 23/06 24/06 25/06 26/06 02/07 03/07 04/07 10/07 11/07 Mean
wh 0.79 0.86 0.81 0.81 0.83 0.85 0.88 0.88 0.85 0.85+0.05
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Table 6
o computed in coastal urban or pure urban atmosphere in wet state (4 = 50%) at 550 nm

Urban atmosphere
ESCOMPTE Mexico Thessaloniki Beijing
o 0.85 0.80-0.88 0.82 0.81

(0.81) on Beijing (30% </ <70%) and a recent study carried out on Mexico City using
nephelometer and aethalometer measurements, indicates a value comprised between
0.80 < wo < 0.88 (Baumgardner et al., 2000). Hence, at it was the case for the asymmetry
parameter, our computations seem to be coherent with other in situ measurements made in
urban coastal or pure urban atmosphere.

5.2. Comparison with AERONET inversions

The accuracy of individual aerosol property retrievals by the (Dubovik and King, 2000)
method from the measurements of CIMEL radiometers (performed under AERONET-
standardized protocol of instrument maintenance and data processing) where analyzed in
extensive sensitivity simulations (Dubovik et al., 2000). The analysis showed that an
accurate mg and g retrieval (with accuracy to the level of 0.03) can be retrieved for high
acrosol loading (9,(440) > 0.4) and for solar zenith angle >50°.

During ESCOMPTE, 6 days (24th, 25th, 26th of June and 02nd, 03rd, 04th of July)
agree with these conditions and allowed us to compare the optical properties computed
from in situ measurements and retrieved by AERONET. The AERONET retrieval are
made at 440 and 670 nm for short wavelength (SW), hence the value at 550 nm have been
computed by interpolation between the values at 440 and 670 nm.

Concerning the single scattering albedo (Table 7), good agreements are observed. The
mean value during the ESCOMPTE experiment computed in situ agrees with the
AERONET retrieval (o $™=0.83/wi=0.86) in wet state. Furthermore, results
presented in Table 3 indicate relatively good agreements for all the days studied except
for the 25th where o ™=0.81 and wyE®=0.89. This agreement is coherent with
previous comparisons reported in Dubovik et al. (2002) where independent in situ
measurements of oy during TARFOX (Hegg et al., 1997) (0.95) or during the INDOEX
experiment (Eck et al., 2001) (0.86—0.90) showed reasonable agreements with AERONET
retrievals.

Table 7

Comparison between AERONET and in situ aerosol optical properties at 550 nm

Event Date CUGER wl(])l situ gAER gin situ
1 June 24 0.85 0.86 0.63 0.60
2 June 25 0.89 0.81 0.64 0.61

3 June 26 0.85 0.81 0.67 0.59
4 July 02 0.87 0.84 0.62 0.58
5 July 03 0.84 0.85 0.65 0.57
6 July 04 0.89 0.88 0.64 0.59

Mean 0.86 0.84 0.64 0.59
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While some studies were dedicated to study m, in urban atmosphere, few studies were
carried out to estimate g and compare it with AERONET retrieval. In contrary to @, the
mean g retrieved from AERONET is slightly higher than g computed in situ (g™ "=
0.59 £ 0.04/g**® =0.64 £ 0.04) (see Table 7). We note the same tendency for all the days
studied as it is shown in Table 7. Indeed, (except for the 26th of June and the 03rd of July
where significant differences appear), the asymmetry parameters computed are 10% lower
than the AERONET retrievals, but remain coherent within the uncertainty levels of the
AERONET and in situ retrievals of g ( + 0.05). These differences could also be explained
by an under estimation of the coarse mode measured in situ. Indeed, it is less stable (in
time and in space) than the fine (accumulation) mode and many factors can result to miss
sampling. The sampling of coarse aerosols is often a limitation in computing scattering
from in situ data (Quinn and Coffman, 1998). Hence, we consider that the results deduced
from the two techniques of measurements are in a rather good agreement.

6. Discussion

Even if the results obtained are deduced from local and in situ measurements, and often
quite different from those yet published (AS, N, BC and POM microphysics and optical
properties) and generally used in global models, we think that they are well representative
of a urban zone in conditions of pollution events. Indeed, it must be noted here that the 9
days studied correspond to similar meteorological conditions characterized by anticyclonic
conditions, clear sky, low wind breeze and high temperatures favouring accumulation of
pollutants in the PBL and photochemical effects leading to elevated levels of ozone
formation, between 80 and 150 ppb, in different points of the experimental domain (Cros
et al., submitted for publication). On the other hand, the optical parameters values g, wq
and o, are remarkably constant for each specie and all day(s), as showed by the low
values of the standard deviations with respect to the average values calculated, comprised
between 1% and 11% only (see Table 3). So, we may assume that these values are
characteristics of each component (specie) in that situation of pollution event in urban and
near urban zones. Consequently, we may also assume that, when they are different from
those already published, the difference is significative and among these differences, those
concerning the BC and POM properties must be highlighted.

It appears difficult to use our measurements in recent models which cannot represent
the near-urban environment because a typical size of a grid square is 5° by 5°. However,
the microphysical and optical properties we report here should be of interest for the urban
and near-urban environment modeling and could be used both in radiative forcing studies
at meso-scale including urban zone or at global scale as soon as the models could take into
account urban emissions with more fine resolution.

7. Conclusion

Microphysical and optical properties of the main aerosol species [ammonium sulfate
(AS), nitrate (N), black carbon (BC), particulate organic matter (POM), sea salt (SS) and
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mineral aerosol (D)] have been investigated in peri-urban zone during the ESCOMPTE
experiment, which took place in South of France during the summer 2001. Aerosol size
distributions of each aerosol species, associated with their complex refractive index were
used to compute, from the Mie Theory, the key radiative parameters generally used to
simulate the direct radiative forcing of aerosol, as the extinction coefficient K., the mass
extinction efficiency oy, the single scattering albedo @, and the asymmetry parameter g at
the wavelength of 550 nm and in wet state.

Optical computations indicate clearly that 90% of the light extinction is due to
anthropogenic aerosol (AS, N, BC, POM) and 10% is due to natural aerosol (D and
SS). The major contributor to the light extinction is (AS) but results indicate clearly the
important rule of carbonaceous particles which contribute to 40% of the light extinction.
Nitrate (N) has, in this case, a weak contribution to extinction (5%) mainly due to the
presence of nitrate acrosol on the coarse mode, less optically active than the fine mode.

Optical computations indicate also that the microphysical and optical properties of the
anthropogenic aerosol are often quite different from those yet published (AS, N, BC and
POM microphysics and optical properties) and generally used in global models. For
example, the (AS) mean specific mass extinction presents a large difference with the value
classically adopted at low relative humidity (4 <60%) (2.6 instead of 6 m*> g~ ' at 550 nm).

Optical properties of each aerosol species are used to compute the optical properties of
the total aerosol layer, including all acrosol species in external mixture. The single scattering
albedo has a mean value of 0.85 £ 0.05 in wet state, indicating an important absorption of
solar radiation by the atmospheric layer and the asymmetry parameter has a mean value of
0.59 £ 0.05. The asymmetry parameter and the single scattering albedo computed are found
to be coherent with other values reported in aerosol coastal zone. Furthermore, to validate
our computations, the AERONET retrievals are used and good agreements are found for
the mean single scattering albedo and the asymmetry parameter in wet state.

The microphysical and optical aerosol properties we reported here are representative of
an urban zone during strong pollution events and should present some interest in order to
study the direct radiative impact of urban aerosol pollution in mesoscale or global models.
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